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A. Ganczarczyk, S. Rojek, A. Quindeau, M. Geller, A. Hucht, C. Notthoff, J. Ko¨nig, and A. Lorke
Faculty of Physics and CENIDE, University Duisburg-Essen, Lotharstraße 1, 47057 Duisburg, Germany
D. Reuter and A. D. Wieck
Applied Solid State Physics, Ruhr-Universita¨t Bochum,
Universita¨tsstraße 150, 44780 Bochum, Germany
(Dated: December 1, 2018)
We demonstrate tunable transverse rectification in a density-modulated two-dimensional electron
gas (2DEG). The density modulation is induced by two surface gates, running in parallel along a
narrow stripe of 2DEG. A transverse voltage in the direction of the density modulation is observed,
i.e. perpendicular to the applied source-drain voltage. The polarity of the transverse voltage is
independent of the polarity of the source-drain voltage, demonstrating rectification in the device.
We find that the transverse voltage Uy depends quadratically on the applied source-drain voltage
and non-monotonically on the density modulation. The experimental results are discussed in the
framework of a diffusion thermopower model.
PACS numbers: 73.40.Ei, 72.20.Pa
One of the most striking features of mesoscopic struc-
tures is the fact that their properties are no longer solely
given by the underlying material properties, but also
by their size and shape. As an example, the unipolar
output of a ballistic rectifier1 is not based on a change
in material (such as a Schottky contact or the doping
concentration in a p-n-junction) but on the introduc-
tion of a symmetry-breaking scatterer. Since this is a
completely new concept for the realization of functional
devices, quite some work has been devoted to under-
standing the basic principles that lead to rectification in
symmetry-broken structures,2–7 which have been shown
to operate even at elevated temperatures2,8,9 and high
frequencies.8–11 While the original, intuitive model of bal-
listically guided electrons can already account for many
qualitative features observed in the experiment,1 further
studies have shown that a number of different effects
contribute to the observed rectification. These include
quantum effects, predicted by Fleischmann et al.12 and
observed by de Haan et al.,13 as well as thermoelectric
contributions and self-gating.14,15 Many of the investi-
gated devices have quite elaborate designs in order to
separate out a certain contribution or to optimize the
rectification efficiency.
In the present work, we investigate transverse recti-
fication in a two-dimensional electron gas (2DEG). By
transverse, we mean that the unipolar voltage output is
perpendicular to the applied input current. We choose
a most simple design, which consists of two connected,
parallel 2DEG stripes of different carrier density (see
Fig. 1(a)). Thus, the broken symmetry is only induced
by the modulation of the carrier density and, contrary to
earlier studies, the device is featureless along the current
direction. In particular, no scatterers are induced, which
guide or impede the flow of current. We find that the
broken symmetry is sufficient to observe a clear rectifica-
tion signal with a polarity that is given by the sign of the
density difference. The experimental data are explained
within a diffusion thermopower model that takes into ac-
count the spatial variation of the electron temperature
and the thermopower. The simplicity of the sample de-
sign allows for a direct comparison between theoretical
results and experimental data. We find a good quantita-
tive agreement without any adjustable parameters.
The samples are fabricated from a modulation-doped
GaAs/AlGaAs heterostructure grown by molecular beam
epitaxy. Sample A is used for the rectification experi-
ments, sample B is a reference sample. The samples con-
tain a 2DEG, situated 107 nm below the surface. The
charge carrier density n0 and mobility µ0 at T = 4.2 K
are 2.07 · 1015 m−2 and 125 m2/Vs, respectively. Optical
lithography and successive wet chemical etching is used
to define a narrow stripe of 2DEG. Ohmic contacts are
provided by evaporating Ni/AuGe/Au layers and succes-
sive thermal annealing. Two metallic gate electrodes,
running parallel to the 2DEG stripe, are defined by elec-
tron beam lithography and consist of a 50 nm thick Au
layer. A schematic picture of the resulting device (sample
A) is shown in Fig. 1(a). The 2DEG stripe has a length of
600 µm and a width of 50 µm, while the length of the two
metallic gate electrodes is 500 µm with a separation of
1 µm. Different gate voltages Ug1 and Ug2 can be applied
to the two gates, resulting in two stripes of different car-
rier density in the electron channel (see Fig. 1(b)). The
gap region between the gates equals the width of the tran-
sition region between areas of different carrier densities
and will therefore be neglected in the following. The cur-
rent is applied between the source and the drain contacts
at the ends of the 2DEG stripe. The transverse voltage
U expy is measured by two voltage probes located on each
side of the stripe. The measurements are performed in
the push-pull configuration,6 i.e. half of the source-drain
voltage Usd is applied at the source and the other half at
the drain terminal. The outcome is a symmetric configu-
ration with respect to the voltage probes. The reference
sample B is used to determine the relevant sample pa-
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FIG. 1. (a) Schematic picture of the rectifier and the ex-
perimental setup. The rectifier is measured in the push-pull
configuration, i.e. half of the source-drain voltage Usd is ap-
plied at one terminal and the other half is applied at the sec-
ond terminal. The source-drain voltages and the gate voltages
Ug1 and Ug2 are both referenced to the ground potential. The
transverse voltage Uexpy is measured between the left and right
voltage probe. The 2DEG defined by an etched mesa is indi-
cated in blue, the metallic gate electrodes in red. The carrier
density in the area marked by the blue rectangle is sketched
in (b) for Ug1 < Ug2 < 0 V, which gives a ratchet-type po-
tential landscape. Here, EF marks the Fermi energy and CB
the conduction band (dark-blue curve).
rameters for the diffusion thermopower model through
resistivity, Hall, and Shubnikov-de Haas measurements.
In contrast to sample A, sample B has only one gate cov-
ering the whole stripe and three voltage probes on each
side. If not stated otherwise, all measurements are per-
formed on sample A at 4.2 K.
Figure 2(a) shows the transverse voltage U expy as a
function of the source-drain voltage Usd. The gate volt-
age Ug2 is varied from −0.3 V to 0.3 V in steps of 0.05 V,
while the second gate remains grounded (Ug1 = 0 V).
The transverse voltage exhibits an almost parabolic de-
pendence on the source-drain voltage, demonstrating
transverse rectification in the device. For a gate voltage
of Ug2 = −0.3 V, e.g., we find transverse voltages U expy =
1.04 mV and 1.07 mV for Usd = −50 mV and 50 mV,
respectively. We attribute this negligible deviation from
the symmetry relation U expy (Usd) = U
exp
y (−Usd) to small
imperfections of the device geometry such as slightly
shifted voltage probes and a minute misalignment angle
between the gates and the etched channel. Figure 2(a)
also shows that the transverse voltage exhibits a strong
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FIG. 2. (a) Dependence of the transverse voltage Uexpy on
the source-drain voltage Usd. The gate voltage Ug2 is applied
from −0.3 V (black trace) to +0.3 V (dark green trace) in
steps of 0.05 V, while gate 1 remains grounded (Ug1 = 0 V).
The yellow trace shows the transverse voltage for Ug2 = 0 V.
The dashed, black line is an exemplary parabolic fit for Usd ≤
25 mV. (b) Transverse voltage Uexpy , when the role of the
gates is switched, i.e. the gate voltage Ug1 is varied, while
gate 2 remains grounded.
dependence on the gate voltage Ug2, which will be dis-
cussed later in detail. In Fig. 2(b) the role of the gates
is switched, i.e. Ug1 is varied, while Ug2 remains con-
stant. The polarity of the transverse voltage U expy has
changed, since the direction of the density difference in
the electron channel is reversed. In both cases, the po-
larity of the transverse voltage U expy corresponds to an
induced flow of electrons from the high-carrier-density
area to the low-density area.
To better quantify how the rectification depends on
different parameters, we introduce the rectification effi-
ciency. It is defined as the pre-factor aexpU in a parabolic
fit to the experimental data U expy = a
exp
U · U2sd for a bias
range Usd ≤ 25 mV (dashed line in Fig. 2). The rectifica-
tion efficiency is determined for a wide range of gate volt-
age combinations and the results are presented in Fig. 3.
Figure 3(a) shows aexpU as a function of Ug2 for Ug1 =
0 V. As already observed in Fig. 2, maximum rectifica-
tion efficiency is seen around Ug2 = −0.3 V, i.e. close
to the depletion voltage of the sample. With increasing
Ug2, a
exp
U decreases strongly at first and switches polarity
at approx. Ug2 = 0 V. For small positive gate voltages,
|aexpU | increases slowly and saturates for high positive gate
3FIG. 3. (a) Rectification efficiency aexpU as a function of Ug2
for Ug1 = 0 V, where a
exp
U is the coefficient of a a
exp
U · U
2
sd-fit
on the traces shown in Fig. 2 for Usd smaller than 25 mV. (b)
Contour plot of the rectification efficiency aexpU as a function of
Ug1 and Ug2. The black dashed line represents Ug1 = Ug2 and
the gray dashed line shows the cross section, which is plotted
in (a). The distance between the contour lines is 0.10 V−1
with additional contour lines at ±0.05 V−1. (c) aexpU in de-
pendence on Ug2 for Ug1 = −0.3 V. This trace matches the
cross section of the contour plot in (b) at Ug1 = −0.3 V.
voltages (Ug2 > 0.1 V).
The contour plot in Fig. 3(b) gives an overview over
aexpU in the complete range of investigated gate voltages
Ug1 and Ug2. It can be seen that the rectification effi-
ciency is antisymmetric under exchanging Ug1 and Ug2,
and, therefore, vanishes for Ug1 = Ug2 (black dashed
line). The maximum of |aexpU | (≈ 0.4 V−1) is observed at
roughly Ug1 = 0 V and Ug2 = −0.3 V or vice versa. This
can be more clearly seen in Figs. 3(a) and 3(c), which
show sections through the data along the Ug1 = 0 V and
the Ug1 = −0.3 V line, respectively. The small difference
between |aexpU (0 V,−0.3 V)| and |aexpU (−0.3 V, 0 V)| is
again attributed to imperfections in the sample process-
ing.
The rectification efficiency in Fig. 3(c) exhibits a non-
monotonic dependence on the gate voltage Ug2. This is
unexpected at first, because the carrier density difference
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FIG. 4. Temperature dependence of the rectification efficiency
aexpU (left axis). The black, red and green traces show a
exp
U
as a function of the temperature T for Ug2 = −0.3 V, Ug2 =
−0.2 V and Ug2 = −0.1 V, respectively. The blue trace shows
the temperature dependence of the mobility µ measured on
the reference sample B (right axis).
monotonically increases with Ug2. The fact that |aexpU |
decreases while the density step height increases in the
bias range Ug2 > 0 is an indication that a purely bal-
listic picture cannot explain the observed rectification.
The ballistic deflection of electrons in density modulated
systems16–19 increases monotonically with increasing step
height. So, even though a simple ballistic model may
be able to account for some qualitative features of our
experiment,20 a more in-depth treatment is necessary.
Additional insight into the rectification mechanism
comes from its temperature dependence. In Fig. 4 the
temperature dependence of the rectification efficiency
aexpU (left axis) and carrier mobility µ0 (right axis, mea-
sured on sample B) are presented. The black, red and
green traces show aexpU in the range from 2 K to 30 K
for the gate voltages Ug2 = −0.3 V, Ug2 = −0.2 V and
Ug2 = −0.1 V, respectively, while Ug1 = 0 V. The blue
trace shows the temperature dependence of the mobility
µ, which was determined using Hall- and resistivity mea-
surements. While the mobility decreases roughly linearly,
the rectification efficiency shows a more complex behav-
ior, in particular for Ug2 = −0.2 V and Ug2 = −0.1 V,
where aexpU exhibits a maximum at approx. 8 − 10 K.
This again indicates that the observed rectification is not
a purely ballistic effect, which would directly reflect the
electron mobility or, equivalently, the elastic mean free
path.
In the following, we show that the measured trans-
verse voltage U expy can be explained within a diffusion
thermopower model. The relevant part of the rectifier
is schematically shown in Fig. 5. We distinguish differ-
ent regions: the electron channel, through which a finite
current is driven, consists of two stripes 1 and 2 with,
in general, different carrier concentrations n1 and n2.
The voltage probes are current free and remain at car-
rier concentration n0, independent of the gate voltages.
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FIG. 5. Schematic sketch of the rectifier. The system is di-
vided into four regions: The two stripes of the electron chan-
nel plus the two voltage probes. The current-free voltage
probes have the carrier density n0, the two stripes have (tun-
able) carrier concentrations n1 and n2.
The current along the electron channel increases the local
electron temperature from the lattice temperature T0 to
T = T0 + δT via Joule heating. The density modulation
in the perpendicular direction of the electron channel in-
troduces both a y-dependence of the temperature T (y)
(via the carrier-density dependence of the resistivity) and
of the Seebeck coefficient S(y), which characterizes the
strength of the thermopower. This results in a finite ther-
moelectric voltage
U theoy =
∫ ∞
−∞
dy S(y) ∂yT (y) , (1)
between the contacts of the voltage probes that are far
outside the heated region, T (∞) = T (−∞) = T0. Ne-
glecting the y-dependence of the Seebeck coefficient in
Eq. (1) would lead to an exact cancellation of the contri-
butions from regions with positive and negative tempera-
ture gradients. However, when taking the y-dependence
of S into account, the region with the smaller carrier
concentration dominates (since it has a larger Seebeck
coefficient), and the thermoelectric voltage, Eq. (1), is
non-vanishing.
For a quantitative analysis, we employ a semiclassical
transport theory.21 The y-components of the electric and
the heat current densities, jy and j
q
y , respectively, are
related to the gradients of the electrochemical potential
φ and temperature T via
(
jy
jqy
)
= −
(
L11 L12
L21 L22
)(
∂yφ
∂yT
)
. (2)
The coefficients Lij are related to the electric conductiv-
ity σ, the Seebeck coefficient S and the thermal conduc-
tivity κ via L11 = σ, S = L12/L11, L21 = TL12, and
κ = L22 − L12L21/L11.
The electron temperature profile is determined by the
continuity equation for the heat current,
∇ · jq = j ·E− cV T − T0
τi
. (3)
The first (source) and second (drain) term on the right
hand side account for Joule heating and heat transfer
to the lattice, respectively. The latter is modeled by a
relaxation term that includes the specific heat capacity
cV , the difference between the electron (T ) and lattice
(T0) temperature, and a heat relaxation time τi(ǫ) taken
at the Fermi energy, τi = τi(ǫF ). We remark here, that
the relaxation time τi for the heat transfer to the lattice
differs from the relaxation time τ entering the electric
conductivity. For τi, only those electron scattering pro-
cesses are relevant which are accompanied with an en-
ergy change larger than kBT (dubbed as inelastic scat-
tering in contrast to elastic scattering for which the en-
ergy transfer is much smaller than kBT ).
22 In contrast,
both elastic and inelastic scattering processes contribute
to the (energy-dependent23,24) relaxation time entering
the electric conductivity, τ−1(ǫ) = τ−1e (ǫ)+τ
−1
i (ǫ). In the
system described here, elastic scattering strongly domi-
nates, τe ≪ τi, and we can set τ ≈ τe.
Since the charge current density has only an x-
component, which does not depend on the position x, we
simplify Eq. (3) by using ∇ · jq = ∂yjy and j · E = σE2x,
combine it with the definition of the thermal conductiv-
ity, jqy = −κ ∂yT , to obtain a differential equation
T − l2∂2yT =
(eExl)
2
κ/σ
+ T0 , (4)
that describes the variation of the temperature on the
scale given by the energy diffusion length l =
√
κτi/cV ,
which is considerably larger than the mean free path in
the 2DEG.
Calculating σ, κ, and cV to lowest order in the Som-
merfeld expansion (valid for kBT ≪ ǫF ) yields the energy
diffusion length
l = vF
√
τiτe
2
, (5)
with τe = τe(ǫF ), and the Wiedemann-Franz law κ/σ =
(πkB/e)
2T/3. We use vF =
√
2ǫF /m∗, where m
∗ is the
effective electron mass in GaAs. Furthermore, the Fermi
energy ǫF (relative to the lower subband edge) is related
5to the two-dimensional density n of the electron gas via
ǫF = nπ~
2/m∗. This expression also relates the carrier
density to the gate voltages Ug1 and Ug2 via ǫF /ǫ0 =
1 + Ugi/U
dep
g , where ǫ0 is the Fermi energy at zero gate
voltage and Udepg = −0.38 V the depletion voltage.
Applying the Sommerfeld expansion, the Seebeck co-
efficient, S, can be expressed in terms of the electric con-
ductivity by the Mott formula21,25
S = −π
2
3
k2BT
e
σ′
σ
, (6)
with σ = σ(ǫF ), σ
′ = ∂ǫσ(ǫ)|ǫF , where (for a two-
dimensional electron gas) σ(ǫ) = e2ǫτe(ǫ)/(π~
2).
For a systematic perturbation expansion up to second
order in Ex, we replace T by T0 in the ratio κ/σ and in
the Mott formula, Eq. (6). Then, the solution of Eq. (4)
is given by
Ti(y) = T
bulk
i + T
−
i e
−y/li + T+i e
y/li (7)
for each region i of constant carrier density. The asymp-
totic bulk value T bulki is reached far away from the steps:
T bulk0 = T0 deep in the voltage probes and T
bulk
i =
T0 + (eExli)
2/(π
2
3
k2BT0) with the corresponding energy
diffusion length li for the two stripes i = 1 and i = 2 in
the electron channel, respectively.
The constants T±i for each stripe are determined by
the boundary conditions. To fully determine all con-
stants, we need two conditions for each interface between
regions of different carrier concentration. One is readily
obtained by requiring that the heat current jqy = −κ∂yT
entering an interface from one side equals the one leav-
ing to the other side, which for the system under study
yields that the product nτe∂yT is continuous at each in-
terface. As a second condition we find that, for τi ≫ τe,
the temperature itself is continuous.26
In order to calculate the thermoelectric voltage, it
is necessary to determine the (energy-dependent) relax-
ation rates τe(ǫ) and τi(ǫ). A theoretical estimate of
these relaxation rates would depend on various model as-
sumptions and, thus, introduce uncertainties that make
a quantitative comparison with experiment difficult.
Therefore, we determine them experimentally by per-
forming (gate-voltage dependent) resistivity, Hall, and
Shubnikov-de Haas measurements on reference sample B.
The inelastic relaxation time τi is determined from
the relation between electron temperature T and source-
drain current Isd in the heat balance equation Eq. (3),
after we set ∇ · jq = 0.27 The latter is justified since,
for all x-positions at which there is no voltage probe,
the temperature and, thus, the heat current is indepen-
dent of y for sample B. To measure T (Isd), we use the
temperature dependence of the Shubnikov-de Haas (SdH)
oscillations of two-dimensional electrons under low mag-
netic fields.28–30 This is done by first measuring the SdH
oscillations at different lattice temperatures T0 with a
small current Isd of 100 nA, such that the electron tem-
perature T equals the lattice temperature. Then, the
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FIG. 6. Energy dependence of the elastic scattering time τe
(blue) and the inelastic scattering time τi (red). The first data
points match Ug2 = −0.2 V and the gate voltage increases by
0.05 V for each data point. The lines correspond to the linear
fits of the data.
SdH oscillations are measured at a fixed lattice temper-
ature T0 with different heating currents Isd. The com-
parison of the SdH-oscillation amplitudes in the two dif-
ferent schemes yields T (Isd). An alternative approach to
determine T (Isd) would be to measure the temperature-
dependent resistivity.31 Using the SdH oscillations, how-
ever, has the advantage that its amplitude depends only
on the electron but not the lattice temperature, in con-
trast to the resistivity that, in general, depends on both
the electron and the lattice temperature.
The results for τe(ǫ) and τi(ǫ) are shown in Fig. 6.
Fitting a power-law function, τe = τe,0 (ǫ/ǫ0)
αe and τi =
τi,0 (ǫ/ǫ0)
αi yields τe,0 = 4.7·10−11 s and τi,0 = 3.7·10−9 s,
and for the exponents, αe = 0.88± 0.04 and αi = 1.45±
0.09, in good agreement with theoretical predictions.32
Having determined τe(ǫ) and τi(ǫ), we calculate the
temperature profile, see Fig. 7, across the sample at the
position where the voltage probes are attached. If the
energy diffusion lengths li were much smaller than the
transport-channel widths, then the temperature profile
would be a step function (dashed curves in Fig. 7) with
Ti = T
bulk
i (gray area in Fig. 7). In our sample, however,
the channel width is of the same order of magnitude as
li (for Ugi = −0.2 V/0 V/+0.2 V the energy diffusion
length is li = 16.8 µm/58.2 µm/117.7 µm). As a con-
sequence, we find a strong y-dependence of the temper-
ature (solid lines in Fig. 7), which does not approach
the asymptotic bulk values T bulki in the two stripes of
the electron channel. Changing the gate voltage Ug2 in
stripe 2 changes the energy diffusion length l2 there and,
thus, T bulk2 . However, it also affects T
bulk
1 since for fixed
Isd the electric field Ex changes when the carrier density
and, thus, the overall resistance is modified.
Finally, we plug the temperature profile into Eq. (1)
to obtain the thermoelectric voltage. To translate the
experimentally applied source-drain voltage Usd into the
electric field Ex entering the theory, we take an (experi-
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FIG. 7. Heating correction to the temperature of the electron
system for Isd = 5 µA, Ug1 = 0 V, and three different values
for Ug2: Ug2 = −0.2 V (blue), Ug2 = −0.15 V (green), and
Ug2 = −0.1 V (red). The horizontal dashed lines are the heat-
ing temperature for channels with infinite width for the gate
voltage Ug2 of corresponding color. The gray region shows
the electron transport channel and the vertical dashed lines
separate the two stripes with different carrier density from
the voltage probes left and right from the channel.
mentally estimated) value of R0 = 450 Ω for the contact
resistances from the source and drain contacts. The re-
sult of our simulation for the same parameters as in Fig. 3
is shown in Fig. 8. We find a very good agreement be-
tween aexpU and a
theo
U as a function of the gate voltages Ug1
and Ug2. In particular, we reproduce the non-monotonic
dependence of the rectification efficiency on the density
modulation, see Fig. 8(c). (Note that the exact position
of the calculated maximum depends on the contact resis-
tance R0.)
The non-monotonic behavior of aU (Ug1, Ug2) can be
explained intuitively within the framework of the diffu-
sion thermopower model by two contrary dependencies.
On the one hand, no rectification can be observed for
symmetrically biased gates Ug2 = Ug1 = −0.3 V so that
the efficiency starts from zero (at Ug2 = −0.3 V) and
increases as the gate voltage is increased. On the other
hand, the thermoelectric effect decreases with increas-
ing carrier density as the resistivity and, correspondingly,
the Joule heating decreases. This eventually leads to a
decrease of the overall effect, as observed in the range
Ug2 > 0.1 V.
For a quantitative comparison between theory and ex-
periment, we want to avoid the uncertainty associated
with the estimate of the contact resistance R0. To this
end, we repeat the measurement of the transverse volt-
age but relate it to the applied current Isd rather than
the voltage Usd. This defines the rectification efficiency
aI = Uy/I
2
sd. Figure 9 shows a comparison between the
FIG. 8. (a) Calculated rectification efficiency atheoU as a func-
tion of Ug2 for Ug1 = 0 V. (b) Contour plot of the calculated
rectification efficiency atheoU as a function of Ug1 and Ug2. The
distance between the contour lines is 0.1 V−1 with additional
contour lines at ±0.05 V−1. (c) atheoU in dependence on Ug2
for Ug1 = −0.3 V. This trace matches the cross section of the
contour plot in (b) at Ug1 = −0.3 V.
experimental and the calculated data. In Fig. 9(a) the
transverse voltage U expy (blue dots) and the calculated
thermoelectric voltage U theoy (red trace) are plotted as a
function of Isd for Ug1 = 0 V and Ug2 = −0.2 V. We find
that U theoy shows the same parabolic dependence on Isd
as U expy . A comparison of the measured, a
exp
I , and calcu-
lated, atheoI , rectification efficiency as a function of gate
voltage is presented in Fig. 9(b). It should be pointed
out that no adjustable parameter have been used in the
calculation, since all relevant parameters were indepen-
dently determined on the homogeneous reference sam-
ple B. The small quantitative deviation can be explained
by the approximations that were made both in the ex-
perimental evaluation and in the theoretical treatment.
Also, phonon effects, such as phonon drag, which can
play a role in AlGaAs heterostructures,33–36 have been
neglected here.
In view of the diffusion thermopower model, it is now
also possible to better understand why the rectification
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FIG. 9. Comparison between the measured and the calcu-
lated rectification effect: (a) Dependence of the measured
transverse voltage Uexpy (blue dots) and the calculated trans-
verse voltage U theoy (red trace) on the heating current Isd for
Ug1 = 0 V and Ug2 = −0.2 V. (b) Dependence of the mea-
sured rectification efficiency aexpU (blue dots) and the calcu-
lated rectification efficiency atheoU (red trace) on Ug2.
efficiency aexpU and the mobility µ0 exhibit such different
temperature dependencies (see Fig. 4). Both quantities
are affected by τi, which has a 1/T dependence on the
temperature,37 and τe, which is almost constant in the
temperature range of interest. The relaxation time τ
that determines the mobility µ0 is given by Matthiessens
rule τ−1(ǫ) = τ−1e (ǫ) + τ
−1
i (ǫ), and because τe ≪ τi,
the temperature dependence of τi will only little affect
the overall mobility. The energy diffusion length, on the
other hand, is proportional to
√
τiτe (see Eq. (5)), so that
the temperature dependence of τi will affect the rectifi-
cation efficiency considerably, regardless of how small τe
is compared to τi. The slight increase of a
exp
U at low tem-
peratures may be attributed to an effective increase of τi
due to the fact that only scattering processes in which
the transferred energy is larger than kBT contribute to
τi, i.e, with increasing T less processes contribute.
The experiment and its explanation within the dif-
fusion thermopower model have a number of inter-
esting consequences. Because of the non-monotonic
aU (Ug1, Ug2) dependence, the rectification is not ”tran-
sitive”, i.e. aU (UA, UB) + aU (UB, UC) 6= aU (UA, UC).
Therefore, in samples with multiple stripes, the recti-
fication can be cascaded to improve the output volt-
age. If such a sample is periodic, e.g. with 3 sets
of stripes ...ABCABCABC..., it would constitute a
ratchet-type potential (see e.g. Olbrich et al.38 and refer-
ences therein), where an agitation along the stripes would
induce a current/voltage perpendicular to the driving sig-
nal. Our present setup with a carrier density profile
ABCA (voltage probe - first stripe - second stripe - volt-
age probe, see also 1(b)) constitutes the smallest unit of
such a transverse ratchet.
Going back to the introductory remarks, our work also
bridges the two concepts for rectification, i.e. change of
material vs. non-centrosymmetric guidance of electrons.
The two parallel stripes can be considered as two differ-
ent (but tunable!) materials, which have been interfaced
to induce rectification that does not rely on ballistic ef-
fects but rather on diffusion thermopower. Nevertheless,
we do observe finite size effects. This is a feature that
necessarily appears in ballistic rectifiers as well, although
with a different characteristic length. While the width
of our sample is much larger than the elastic mean free
path (the characteristic length for ballistic transport), it
is smaller than the energy diffusion length l. This leads
to a strong reduction of the temperature difference (see
Fig. 7) and, therefore, the rectification efficiency.
In conclusion, we have demonstrated tunable rectifi-
cation in a density-modulated two-dimensional-system.
The polarity and value of the rectified transverse voltage
depend on the direction and magnitude of the density
modulation of the carrier densities inside the electron
channel. We show that the observed data is in good
qualitative and quantitative agreement with a diffusion
thermopower model. Our findings have a number of con-
sequences for the understanding of so-called ballistic rec-
tifiers and related structures.
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